Netrin 1 is a chemoattractive or chemorepellent cue necessary for the formation of many commissural pathways through the brain including commissural connec- navigation. We show that Netrin 1 controls mode I phosphorylation of MAP1B in a GSK3-and CDK5-dependent Introduction manner. We also show that the lack of MAP1B markedly reduces Netrin 1-evoked chemoattraction of both axons Ordered neural migration and axonal guidance are two and migrating neurons. Lastly, map1B mutant mice disessential steps in neural development. These processes play deficits in the pontine nuclei and abnormalities in are governed by specific guidance cues [1, 2]. Both in brain axonal tracts; these results are similar to those experimental animals and in humans, disruption of neudescribed in netrin 1-deficient mice. ral migration and aberrant axonal growth lead to structural and functional defects that are associated with neurological abnormalities. Results believed to transduce the Netrin 1 signal into cytoskele-
tal changes. MAP1B binds microtubules and actin mi-293T cells (mock cells) did not increase mode I phosphorylation of MAP1B (Figures 1A and 1B). crofilaments, contributing to their stabilization in a process that is believed to depend on mode I MAP1B
To examine the effects of Netrin 1 on MAP1B phosphorylation in vivo, we analyzed brain extracts from nephosphorylation [23, 31] . To examine whether MAP1B is regulated by the Netrin 1-signaling pathway, we anatrin 1-deficient mice (P0). The forebrains and hindbrains of newborn, homozygous mutant mice had a 2.5-7-fold lyzed mode I MAP1B phosphorylation levels in response to Netrin 1 by using Western blots. We cultured neurons reduction of mode I MAP1B phosphorylation levels compared to wild-type mice, whereas intermediate levels of from murine, embryonic day 15 (E15) hippocampi, a region that responds at this stage to Netrin 1 [9]. After 2 phosphorylation were detected in heterozygous mice ( Figures 1C and 1D ). Together, these results support the days in vitro (DIV), neurons were treated with conditioned media from either 293T cells expressing recombiidea that Netrin 1 triggers an intracellular cascade that increases mode I MAP1B phosphorylation. nant Netrin 1 or control 293T cells. We analyzed the pattern of mode I phosphorylation by using a Western blot with the mAb SMI31. At 10 min, incubation with Involvement of GSK3 and CDK5 Kinases in Netrin 1-Dependent MAP1B Phosphorylation Netrin 1 had already increased mode I MAP1B phosphorylation levels, which remained elevated for up to 6 MAP1B is phosphorylated in two different ways by serine/threonine protein kinases; whereas GSK3 and CDK5 hr ( Figures 1A and 1B (E) Plots illustrating the phosphorylation levels of a GSK3-specific substrate in neuronal cultures treated with Netrin 1-conditioned media for 0-6 hr, in the presence or absence of LiCl, a GSK3 inhibitor. GSK3 kinase activity is considered to be the difference between the kinase activities in the presence or absence of LiCl. GSK3 activity rises shortly after Netrin 1 incubation, and the increased activity lasts for 6 hr. tify whether these kinases are responsible for Netrin MAP1B Is Required for Netrin 1-Dependent Migration and Axonal Guidance In Vitro 1-induced mode I phosphorylation of MAP1B, we used inhibitors of GSK3 and CDK5. Forebrain embryonic neuThe above-mentioned experimental results suggest that MAP1B might be required for the transduction of Netrin rons treated with recombinant Netrin 1 in the presence of the GSK3 inhibitor LiCl (10 mM) [22, 32], showed a 1 in the regulation of neural migration and axonal guidance. A tangential migratory route is the circumferential dramatic decrease of MAP1B phosphorylation at both 1 and 6 hr, supporting the idea that Netrin 1 triggers pontine migratory stream (PMS), with neurons migrating from the lower rhombic lip (lRL) at the roof of the fourth GSK3 activation (Figures 2A and 2B) . Finally, inhibition of CDK5 with Roscovitine (250 nM, Calbiochem) halved ventricle toward the ventral midline to constitute the pontine nuclei [8, 11]. This migratory process depends mode I MAP1B phosphorylation levels induced by Netrin 1 (Figures 2A and 2B) . We conclude that the Netrin upon Netrin 1, expressed at the midline, and on its receptor DCC, expressed in migrating neurons. To investigate 1-signaling cascade activates MAP1B mode I phosphorylation via a process that depends on GSK3 and CDK5 whether MAP1B is required for Netrin 1-dependent migration, we compared the chemoattractive effect of Neactivation.
GSK3 activity is believed to be negatively regulated trin 1 on migrating neurons from wild-type and mutant lRL by using collagen gel cocultures. E14 lRL explants by serine phosphorylation [33] . However, GSK3 is also phosphorylated at its Tyr 216, which is believed to incocultured with aggregates of control 293T cells showed a radial pattern of migrating neurons in both wild-type crease GSK3 activity [24] . Thus, we thus examined whether Netrin 1 altered the phosphorylation of GSK3. and map1B mutant tissues, as already described (data not shown) [8, 11] . In these cultures cocultured with conWe found that Netrin 1 increased both serine and tyrosine phosphorylation levels of GSK3 (Figures 2C and trol cells, migrating neurons were arranged in characteristic chains of cells, which were of similar length in both 2D). Because serine and tyrosine phosphorylation levels may have opposite effects on GSK3 activity, we investigroups ( Figure 3K ), indicating that the lack of MAP1B does not affect the capacity of pontine neurons to migated the net effect of Netrin 1 on GSK3 activity. Indeed, we found that Netrin 1 increased GSK3 enzymatic activgrate. Whereas wild-type lRL explants cocultured with Netrin 1-expressing cells showed a strong chemoattracity after only 10 min, an effect that lasted over 6 hr ( Figure 2E ). We conclude that Netrin 1 increases the tive response (18 out of 18 explants, Figures 3E-3G ), map1B mutant tissue only exhibited a decreased chephosphorylation of GSK3 at both serines and tyrosines, and this in turn results in a marked rise in GSK3 enzymoattractive response in 50% of cases (13 out of 26 explants, Figures 3H-3J ) with the remaining explants matic activity. cases), compared to controls. Similar phenotypic changes were observed for the hippocampal commissure (e.g., map1B-Deficient Mice Show Migration 55% thickness reduction). Other midline tracts, such as and Axonal Growth Deficits the anterior commissure ( Figure 5A ), were completely We next examined possible in vivo abnormalities in the absent in map1B mutant embryos. These fiber-tract al-PMS of map1B-deficient embryos. Because map1B-terations are reminiscent, with some differences (see deficient mice die soon after birth, the phenotype of Discussion), of those in netrin 1 and dcc mutant mice. mutant embryos was analyzed at E18. The pontine nuclei Moreover, the major hippocampal axonal tracts in the in wild-type embryos were recognized in toto preparaentorhinohippocampal termination zone, in the white tions as protuberances, which correspond in cross-secmatter, and in the fimbria were impaired in mutant mice, tions to large, well-developed nuclei, at the ventral surwhich showed ectopic and disorganized fiber bundles face of the mesencephalon (Figures 3A and 3B) . In (Figures 6A-6C ) in a similar way to those in netrin 1-deficient mice [9]. contrast, homozygous mutants lacked anatomical protu- Reciprocal thalamocortical and corticothalamic conalready formed, appearing as tight L1-positive bundles that perforated the striatum to reach the neocortex and nections develop in a "hand-shake" process that depends upon Netrin 1 expression in the ganglionic emidorsal thalamus, respectively ( Figures 5D, 5E , and 5G). TAG-1 antibodies labeled corticothalamic axons, but not nence [7, 35, 36]. At E18 in wild-type and netrin 1-deficient embryos, these reciprocal connections were thalamocortical axons ( Figure 5C ). In mutant embryos, axons were observed in the cerebral cortex ( Figure 7D) . Conversely, DiI injections in wild-type embryos labeled corticothalamic axonal bundles traversing the striatum and retrogradely-labeled thalamocortical neurons (Figure 7E) . Injections in the neocortex of mutant embryos stained fiber bundles that were restricted to the intermediate zone. These fibers coursed mediolaterally through the developing white matter and terminated in growth cones near the piriform cortex ( Figure 7F) . No retrogradely-labeled neurons were observed in the thalamus of map1B-deficient embryos ( Figure 7F ). These findings show that thalamocortical and corticothalamic connections are severely disrupted in map1B mutant mice in a more dramatic way than in netrin 1-and dcc-deficient mice [36] . Because the tangential PMS and the axonal pathways that depend on Netrin 1/DCC signaling are disrupted in map1B-deficient embryos, we conclude that MAP1B is also required for Netrin 1-dependent migration and axonal guidance in vivo. Microtubules and actin filaments, which are both concentrated at the leading process of migrating neurons and in growing axons, are essential for neuronal migration and axonal growth [37] . MAP1B is believed to con- Figures 7A and 7B) . In contrast, most data suggest that most functions of MAP1B are regulated by mode-I phosphorylation, which is likely to inthalamocortical axons in map1B mutants turned ventrally before reaching the striatum (Figures 7C and 7D) 
Discussion

left panels) and DiI labeling (right panels). (A and B) Coronal sections from wild-type forebrains injected with DiI in the dorsal thalamus (A). Thalamic fibers reach the striatum (arrow in [A]) and invade the neocortex (arrow in [B]). (C and D) In map1B mutant embryos, thalamic axons (arrow) do not enter the striatum (C) and no axons are seen in the neocortex (D). (E and F) DiI injections in the neocortex of wild-type embryos (E) labeled corticothalamic fibers that traverse the striatum (arrow) and reach the thalamus (arrowhead). (C) In contrast, neocortical injections in map1B mutants (F) labeled fibers that do no enter the striatum. Axons run in the cortical white matter (arrow in [F]).
Abbreviations are the same as in Figure 5 and distal quadrants of explants cocultured with Netrin 1, and data were expressed as the P/D ratio [11] (mean Ϯ SD). For the length Determination of GSK3 Activity of hippocampal axons and lRL chains we also used TUJ-1 staining. GSK3 assays were carried out as previously described [24] . Cultured
The extent of axons and chains were measured in explants coculcell extracts were prepared at 0-6 hr after incubation with Netrintured with control cells. Data were analyzed with the t test. containing media, or with mock supernatant. Cells were collected with a scraper and homogenized in a buffer containing 20 mM HEPES (pH 7.4), 100 mM NaCl, 100 mM NaF, 1 mM sodium ortohovaAcknowledgments nadate, and 5 mM EDTA. The soluble fraction was immunoprecipitated with a GSK3 antibody (Transduction Laboratories). Samples
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